Despite the vast increase in salinity studies, variation in salt stress of Trachyspermum copticum has not been well-studied across diverse accessions. Germination percentage and rate were quantified on the response to salinity with different non-linear regression functions and three parameters were chosen to obtain a salinity tolerance index (STI). The estimates of GP max , indicating maximum germination percentage, ranged from 40.0 to 100%. The estimates of St, showing the threshold or turning point, varied from 0 to 88.0 mM. The highest germination rate, GR max in no-stress conditions was 0.0171 and the lowest was 0.0092. As salinity increased, germination rate decreased in all accessions with different slopes of b GR . The STI ranged from 2.53 to 6.04 and accessions divided into three groups: salt sensitive (< 3.16), intermediate (3.17 to 4.86) and salt-tolerant (> 4.86). There were found some significant relationships between STI and germination and seedling growth under salinity conditions. Conceptually, germination performance can be explained by STI.
Introduction
Trachyspermum copticum Link (Apiaceae) is an annual herb that is known a medicinal plant. The essential oil of T. copticum (2.5-5% in the dried fruit) is dominated by thymol at 35-60%. This is similar to the thymol content of common thyme (Thymus vulgaris L.) which contains 20-54% thymol. Thymol is a natural monoterpene phenol which is used in medicated substances. Information is scarce about T. copticum cultivation, phenology, physiology, ecology, breeding and agronomic management. It is probably native to India, Pakistan, Afghanistan, Iran and Egypt. There is a wide diversity in Iranian T. copticum accessions which means it should be possible to select accessions with superior tolerance of environmental stresses.
Salinity in arid and semi-arid regions is one of the major environmental stresses that can limit the growth and development of salt-sensitive plants, especially in irrigated fields (Schleiff, 2008) . Identifying accessions with salinity tolerance may offer opportunities for future breeding efforts and provide growers with increased flexibility regarding where to cultivate. There are different methods to screen for stress-tolerant germplasm based on field and laboratory data (Setimela et al., 2005; Seepaul et al., 2011) . Field-based screening methods are tedious, inconsistent and seasonally limited due to unpredictable moisture and fluctuating electrical conductivity (EC) in the field. Laboratory-based screening methods can provide insights into genotypic environmental adaptability and tolerance capacity prior to field evaluations . Studies have been done to screen crop cultivars for salinity stress tolerance at germination in, for example, rice (Shannon et al., 1998) , maize (Rao and McNeilly, 1999; Sadat-Noori et al., 2008) , wheat (Sadat-Noori and McNeilly, 2000) and tomato (Soloviev et al., 2003) . However, there is not much known about screening of T. copticum accessions for salinity tolerance and no reported studies using seed-based parameters have been found.
It is common to evaluate changes in seed lot parameters (such as the percentage and rate of germination) in response to salinity (Al-Ansari, 2003; Farhoudi and Motamedi, 2010) . Measurement of germination can explore valuable information about start, rate and uniformity of germination. Two seed lots can have the same germination percentage and different speed or uniformity. Therefore, the total percentage germination after a nominated period of time is not very explanatory (Joosen et al., 2010) . Screening accessions for salinity stress tolerance at germination should be done with an index including both germination percentage and rate, but there is not such an index. There are some indices that can be calculated based on crop yield or seedling dry weight (Fernandez, 1992; Shannon and Grieve, 1999) . However, we could not find such an index in terms of germination rate and percentage.
Mathematical functions can be used to describe the relationship between germination percentage (or rate) and salinity. The advantage of these functions is that they include parameters that are meaningful from a biological point of view, such as threshold, maximum expected germination and slope(s). Hanslin and Eggen (2005) developed a hypothesis that less salt-tolerant species show a gradual decline in germination percentage at increasing salinity, while salt-tolerant species show a flat line of high germination at low salinity, with a sharp decline in germination percentage as salinity passes a critical salinity level. It is possible to quantify both rate and percentage of germination on the response to salinity using linear and non-linear regression models. The parameters of models can be used to compare and classify species, accessions or seed lots according to their response to salinity. Shannon and Grieve (1999) explained that salt tolerance can be adequately measured on the basis of two parameters: the threshold, ECt, the electrical conductivity that is expected to cause the initial significant reduction in the maximum expected yield (Ymax) and the slope(s). Such models have not been used for studies on the effects of salinity on germination of seeds. Therefore, the aims of this study were to (1) develop a new index for evaluating salinity tolerance for seed germination (seeds of T. copticum as a case study) using the parameters of non-linear regression models and (2) to investigate the practicability of the new index to screen a diverse set of T. copticum accessions for salinity tolerance.
Material and methods
Seeds of 10 T. copticum accessions were obtained from the Gene Bank of Natural Resources, Research Institute of Forests and Rangelands (RIFR), Iran (table 1) . Three replicates of 25 seeds for each accession were germinated at 25°C and 0, 50, 100 or 150 mM NaCl. Seeds were observed twice daily and considered germinated when the radicle was ≥ 2 mm long. Estimates of the time taken for cumulative germination to reach 50% of the maximum germination in each replicate (D50) were interpolated from the germination progress curve (percentage germination versus time from sowing). Then, germination rate (GR, hours -1 ) was calculated according to Soltani et al. (2001) :
After 10 days, seedling lengths (radicle and shoot lengths separately) were measured and seedling dry weight determined after oven-drying at 70°C for 48 hours.
The effect of salinity levels on germination percentage (GP) was quantified using segmented functions as below (figure 1A, B):
where GP max and S are maximum germination percentage and salt concentration, and b GP and St are parameters showing the slope and the turning point (threshold) at segmented functions (Soltani et al., 2013) . Maximum germination percentage occurs in lower salinity levels (figure 1). If an accession tolerates salinity, GP max would not decline until salinity reaches to a threshold point ( figure 1A ). This threshold point is indicated by St and salttolerant accessions show this type. When St = 0, accessions are intermediately salt-tolerant (figure 1A) or salt-sensitive (figure 1B). As salinity increase germination percentage will decrease (S > St) with the slopes of b GP that are showing the slope of linear regression (figure 1A) or exponential regression (figure 1B). Table 1 . Trachyspermum copticum accessions used in the study with collecting location.
The following equation was used for the effects of salinity levels on germination rate ( figure 1C) :
where GR max and S are maximum germination rate and salt concentration, and b GR is model parameter showing the slope. As germination percentage, GR max is showing maximum germination rate that it occurs in S = 0 (figure 1C). Germination rate declined with the slope of b GR as salinity increased ( figure 1C ). The parameters were estimated by the least squares method using the non-linear (NLIN) regression (GP or GR as y and S as x) procedure in SAS software. Accessions of T. copticum were classified into salt tolerant groups based on salinity tolerance index (STI) values as follow:
where STI is showing salt tolerance, h and l refers to maximum and minimum observed parameters among all accessions and S is showing specific accession value. Accessions were classified to salt tolerance using standard error of mean (SE) as below:
• salt-sensitive (> mean of STI -2SE),
• intermediate (mean of STI -2SE < intermediate < mean of STI + 2SE), and • salt tolerant (< mean of STI + 2SE).
Results
The accessions could be divided into three groups with respect to salinity based on germination percentage. Seven accessions (A2, A3, A4, A5, A7, A8 and A10) showed a flat line of high germination at low salinity with a sharp decline in germination percentage as salinity passes a threshold point (figures 1A and 2). Two accessions, A1 and A9, showed a gradual decline in germination percentage with a constant slope (i.e. St = 0; figure 2). Accession A6 showed an exponential decrease in germination percentage as salinity levels increased (figures 1B and 2). The highest germination rate was observed under no-stress conditions and it decreased exponentially as salinity increased, with different slopes for different accessions ( figures 1C and 3) . Estimates of GP max ranged from 40.0 to 100% (table 2). The estimates of St varied from 0 (accessions A1, A6, A9) to 88.0 mM (A3). Accession A2 had the highest germination rate in no-stress condition (GR max = 0.0171) and the lowest GR max was observed in A8 (GR max = 0.0092). As salinity increased, germination rate decreased in all accessions with different slopes of b GR . The highest slope belonged to the A10 and the lowest slope was observed for A9.
It was difficult to select the accession(s) for salinity tolerance based on any individual parameter since, for any particular seed lot, one parameter might be high and another low. Therefore, classification of salinity-tolerance was done based on the introduced index, STI. The STI ranged from 2.53 to 6.04 and accessions divided into three groups: 
Discussion
Salinity stress is one of the most important factors limiting germination of seeds in arid and semi-arid environments. Salt stress can decrease rate and final seed germination, root length, shoot length and seedling weight in many plants (Chen et al., 1996; Sadat-Noori and McNeilly, 2000; Bayuelo-Jiménez et al., 2002; Akinci et al., 2004; Okçu et al., 2005; Farhoudi and Motamedi, 2010; DeRose-Wilson and Gaut, 2011; Patane et al., 2013; Tari et al., 2013) . Germination percentage and rate in T. copticum reduced as salinity levels increased (figures 2 and 3). Lower germination percentage can decrease crop density and affect crop establishment by increasing the proportion of abnormal seedlings. Higher germination rate might lead to increased yield potential by shortening the days from sowing to complete ground cover and increasing the rate of establishment of an optimum canopy (Farzane and Soltani, 2011; Soltani and Farzaneh, 2014) . The salt-resistant genotypes can successfully cope with osmotic and ionic stresses caused by the excess NaCl; they effectively reduce the oxidative damage and are able to detoxify the harmful metabolites (Tari et al., 2013) . Plant salt tolerance or resistance is generally thought of in terms of the inherent ability of the plant to withstand the effects of high salt in the root zone or on the leaves without a significant adverse effect (Shannon and Grieve, 1999 ). The effect of salinity level on germination percentage and rate varied between T. copticum accessions, suggesting that the response of seed germination to salinity was at least partly dependent upon the genetic differences between accessions (table 2; figures 2 and 3). Identifying genotypes with salt tolerance is considered an salt sensitive (< 3.17), intermediate (3.17 to 4.86) and salt tolerant (> 4.86) (table 3) . Accessions A4, A5, and A8 were salt-tolerant, with A8 showing the highest STI value. Salt-sensitive accessions included A1, A2, A6 and A10, with the remaining accessions classified as having intermediate salt-tolerance.
There were some significant relationships between STI and germination parameters (figure 4). There was a positive relationship between mean germination percentage under salinity conditions and STI (R 2 = 0.73; P < 0.01). The same relationships were found for mean germination rate (R 2 = 0.52; P < 0.01), seedling dry weight (R 2 = 0.66; P < 0.01) and seedling length (R 2 = 0.40**) with the STI in salinity conditions. Table 3 . Classification of Trachyspermum copticum accessions into salinity-tolerance groups based on salinity tolerance index (STI; unit less) along with individual scores in parenthesis. essential part of breeding programmes and screening and selection at the germination stage have been proposed for salt tolerance improvement in different crops (Shannon et al., 1998; Rao and McNeilly, 1999; Sadat-Noori and McNeilly, 2000; Soloviev et al., 2003; Sadat-Noori et al., 2008) . There are different indices for measuring salt tolerance in plants (McCaig and Clarke, 1982; Fernandez, 1992; Shannon and Grieve, 1999; Sadat-Noori and McNeilly, 2000) . Seed scientists usually evaluate changes in percentage and rate of germination on the response to salinity (Al-Ansari, 2003; Farhoudi and Motamedi, 2010) . Here, we introduced an index based on non-linear regressions parameters from germination percentage and rate response to salinity (STI). The STI measures not only the tolerance of germination percentage to salinity but also the tolerance of germination rate to salinity. The STI ranged from 2.53 to 6.04 among T. copticum accessions and it was related to germination parameters under salinity conditions. Conceptually, germination components and seedling growth of T. copticum seeds can be evaluated by STI in salinity conditions and superior accessions identified by STI. It should be mentioned that the classification levels used were determined for the T. copticum accessions evaluated and would have to be determined for other species. The highest STI was observed in A8 with maximum germination percentage (GP max ) and threshold (St) of 50% and 75 mM, respectively. The same parameters for A3 were 63% and 88 mM, respectively. The b GR was -0.0086 for A3 and -0.0056 for A8, is showing the importance of the germination rate to the value of STI. High levels of salinity can be tolerated if accessions with higher germination rates are grown. Therefore, the salt-tolerant accessions should have both higher germination percentage and rate under salinity conditions. The current work represents a comprehensive picture of salinity-tolerance during germination in T. copticum and shows that extensive variation exists for salinity tolerance in natural accessions of T. copticum for STI. Breeding programmes to improve the salttolerance of crops depend upon the identification of salt-tolerant germplasm. Developing cultivars with salinity tolerance is important as this will allow cultivars to withstand salt injury during early T. copticum growth, allowing better establishment under saline conditions and reducing the costly need to replant.
